Homeostasis of blood glucose by insulin involves the rapid and large stimulation of glucose uptake by muscle and adipose tissue. This important action of the hormone is based on the translocation of the glucose transporter isoform GLUT4 from an intracellular pool to the cell surface [1, 2] . A major aspect of this process that is still to be defined is that of the downstream signalling from the insulin receptor to the GLUT4 compartment and how these signals trigger recruitment of the GLUT4-containing vesicles to the plasma membrane. To explain these processes, several laboratories have isolated the intracellular vesicles containing GLUT4 and characterized their protein composition [3±9]. In addition to GLUT4, three major companion proteins have been identified in GLUT4-containing vesicles including an insulin-reg- Diabetologia (2000) Abstract Aims/hypothesis. To identify a GTPase of 24 000 M r which we recently found to co-localize with GLUT4 in cardiac muscle. Methods. A 24 000 M r -GTP-binding fraction was purified from pig heart by a three-step chromatographic procedure, followed by two-dimensional electrophoresis and electrospray ionization-mass spectrometry. Subcellular distribution of the GTPase was assessed by western blotting. Co-localization with GLUT4 was assessed by continuous sucrose density gradient fractionation and immunoadsorption of GLUT4-containing vesicles.
ulated aminopeptidase (IRAP), the insulin-like growth factor II/mannose 6-phosphate receptor and sortilin [1, 4, 6, 7] . These proteins, which have extracellular functional domains, are considered as ªcar-goº proteins most probably exerting functions different from GLUT4-translocation [1] . Members of the VAMP (vesicle-associated membrane protein) family have also been detected in vesicles containing GLUT4 [8, 10] and according to the SNARE (soluble N-ethylmaleimide-sensitive factor-attachment protein receptor) hypothesis, syntaxin 4, VAMP2 or VAMP3 or both are thought to mediate the docking and fusion of GLUT4-containing vesicles at the plasma membrane [2, 11] . Recently, phosphatidylinositol 3-kinase (PI 3-kinase) and Akt-2 (PKBb), two elements of the insulin signalling cascade, were also shown to co-localize with GLUT4 [5, 9, 12] . Coupling of these lipid and protein kinases to the translocation machinery has not, however, been defined.
A family of Ras-related Rab GTP-binding proteins has been implicated in the regulation of intracellular vesicular traffic [13] and Rab GTPases have been localized to distinct intracellular compartments along the exocytotic and endocytotic pathways, suggesting specialized transport functions of the different Rab proteins [14] . More than thirty different Rab GTPases have been described but until now only Rab4 was shown to be involved in GLUT4 translocation [15±19]. Thus, it has been reported that Rab4 is associated with GLUT4-containing vesicles and redistributes in response to insulin [15] . Further, microinjection of Rab4 antibodies [16] and peptides against the hypervariable carboxy-terminal domain [17] were shown to inhibit insulin-induced GLUT4 translocation. Functional implication of Rab4 in GLUT4 trafficking was recently confirmed by overexpression in adipocytes [18] and myocytes [19] and by heterologous expression of Rab4 and GLUT4 in Xenopus oocytes [20] . These studies showed, however, that Rab4 participates in the intracellular sequestration of GLUT4 and the biogenesis of the GLUT4 storage compartment but most probably not in the exocytotic movement to the plasma membrane [18, 19] .
In our earlier studies [21, 22] we reported that a GTPase of 24 000 M r different from Rab4 is associated with GLUT4-containing vesicles isolated from rat cardiac muscle. In the present investigation a purification strategy was developed with the ultimate aim of identifying this protein. We now report that cardiac microsomes express an appreciable amount of Rab11 with a redistribution to the plasma membrane in response to insulin. Further, Rab11 is associated with GLUT4-containing vesicles and after in vivo insulin treatment an increased abundance of Rab11 in the GLUT4-vesicles was observed. This effect was not detectable in insulin-resistant obese Zucker rats. We therefore conclude that Rab11 represents a new element of the GLUT4-trafficking pathways. Purification of small GTP-binding proteins. The procedure used for purification of small GTP-binding proteins was based on protocols developed by other laboratories [23, 24] . Pig hearts obtained from freshly slaughtered pigs were placed in ice-cold PBS, pH 7.4 and were subsequently used for the preparation of a crude membrane fraction. Each step was carried out at 4 C. The cardiac ventricle (about 300 g) was cut in small pieces and homogenized in a buffer containing 10 mmol/l TRIS/HCl, pH 7.4, 0.1 phenylmethyl-sulphonyl fluoride and 2.6 mmol/l dithiothreitol by using an Ultra-Turrax (Ika, NeuIsenburg, Germany) for 100 s. Homogenization was continued by 6 strokes (1300 rpm) in a glass-Teflon homogenizer and the homogenate was filtered through wide-meshed gauze. After centrifugating at 3000´g for 15 min, the supernatant was centrifuged at 180 000´g for 100 min to pellet the crude membrane fraction. For extracting GTP-binding proteins, the crude membrane was diluted 1:2 with a 20 mmol/l TRIS/HCl buffer, pH 8.0, containing 1 mmol/l EDTA, 1 mmol/l dithiothreitol (DTT), 1 mmol/l phenylmethylsulphonyl fluoride and 125 mmol/l NaCl and centrifuged at 200 000´g for 90 min. The pellet was resuspended in the same buffer containing 4.5 % sodium cholate instead of NaCl followed by incubation for 1 h under continuous stirring. Unsoluble material was removed by centrifugating at 100 000´g for 1 h, solubilized proteins were collected and MgCl 2 was added at a final concentration of 5 mmol/l. About 12 ml (51 mg protein) of the total cholate extract (108 ml, 464 mg protein) was applied using nine different runs to a Hi PrepSephacryl column (Pharmacia, Freiburg, Germany) which was equilibrated with 2 column volumes of buffer (20 mmol/l TRIS/HCl pH 8.0, 1 mmol/l EDTA, 1 mmol/l DTT, 5 mmol/l MgCl 2 , 1 % sodium cholate and 100 mmol/l NaCl). Proteins were eluted with the same buffer at a flow rate of 60 ml/h and fractions of 5 ml were collected. These fractions were subjected to a [ 35 S]GTP-binding assay showing two peaks of GTP-binding activity. The active fractions of the second were pooled and applied to a Phenyl Sepharose High Performance column to separate the proteins in relation to their hydrophobic properties. The column was equilibrated with 1200 ml of 20 mmol/l TRIS/HCl, pH 8.0, 1 mmol/l EDTA, 1 mmol/l DTT and 5 mmol/l MgCl 2 and afterwards with the same buffer adding 0.2 % sodium cholate and 250 mmol/l NaCl in a buffer volume of 600 ml. The pooled fractions from the first column were diluted in the latter buffer to a concentration of 90 mg/ml and applied to the Phenyl Sepharose column. The elution was done with a dual gradient of sodium cho-late (0.2 %±1.3 %) and NaCl (250±25 mmol/l) in 20 mmol/l TRIS/HCl pH 8.0, 1 mmol/l EDTA, 1 mmol/l DTT, 5 mmol/l MgCl 2 with a flow rate of 120 ml/h. Fractions of 5 ml were collected and tested for GTP-binding by ligand blotting.
Materials and methods

Materials
Fractions with GTP-binding activity were pooled, diluted to 0.1 mg/ml with 20 mmol/l TRIS/HCl pH 8.0, 1 mmol/l DTT and applied to a hydroxyapatite column (Econo-Pac CHT-II Cartridge, BioRad, Hercules, Calif., USA), previously equilibrated with 100 ml of 20 mmol/l TRIS/HCl pH 8.0, 0.1 mol/l EDTA, 1 mmol/l DTT, 3 mmol/l MgCl 2 and 10 mmol/l KH 2 PO 4 . Sample components were selectively eluted from the cartridge by running a gradient from 10 mmol/l KH 2 Ligand blotting of small GTP-binding proteins. Protein samples were subjected to one-dimensional SDS-PAGE using 8±18 % horizontal gels. Proteins were transferred to a polyvinylidene difluoride (PVDF) membrane (Millipore, Bedford, Mass., USA) in a semi-dry blotting apparatus and GTP binding to proteins was assessed as described previously [25] . Blots were preincubated for 10 min in a buffer containing 50 mmol/l TRIS/HCl, pH 7.5, 0.3 % Tween 20 and 2 mmol/l MgCl 2 . Incubation was continued in the same buffer containing [a-32 P]GTP (37 kBq/ml), 1 nmol/l GTP and 10 mmol/l ATP for 30 min at room temperature. After washing the blots for 30 min with the preincubation buffer, they were air-dried and subjected to autoradiography and analysed on a FUJIX BAS 1000 bio-imaging analyser (Fuji, Tokyo, Japan).
Two-dimensional polyacrylamid gel electrophoresis and mass spectrometry. Two-dimensional PAGE was done as described previously [26] with modifications. For isoelectric focussing, Immobiline Dry Strip gels (Pharmacia, Freiburg, Germany) were used that had an immobilized pH gradient of 3.0±10.0. Electrophoresis was carried out for 8 h at 300 V and 10 h at 2 kV. After focussing was completed, strips were applied to a horizontal SDS-PAGE using a 12 % gel. Proteins were transferred to a PVDF membrane in a semi-dry blotting apparatus and GTP-binding to proteins was measured as described above.
After destaining the coomassie-stained gel, the gel pieces were washed twice in digestion buffer (10 mmol/l NH 4 HCO 3 ) for 15 min and also twice for 15 min in digestion buffer/acetonitrile 1:1. Gels were then incubated overnight in protease solution (trypsin at 0.05 mg/ml in digestion buffer) at 37 C. The supernatant was collected and dried down to about 0.5 ml. For nanospray-electrospray ionization, 2 ml of 70 % formic acid was added and this solution was used in 0.5 ml aliquots. Mass spectrometry was done using a TSQ 7000 triple quadrupole mass spectrometer (Finnigan MAT, San Jose, Calif., USA). Data acquisition and evaluation was done on a DEC 3000 workstation using the ICIS software, version 8.2.1. [27] . Peptide mass calculation was done with the BIOWORKS software, version 8.2.1. [27] .
For the fully automatic interpretation of fragment ion spectra the SEQUEST algorithm (version B22) [28, 29] was used. À homo sapiens' subset of the OWL protein database (version from August 15, 1997, 198 742 entries) was used as database. The search variables were: mass tolerance of 1000 M r for the parent ion, tryptic digest, oxidation of methionine and carbamidomethylation of cysteine as different modifications. The weighting of the different ion series was as follows: neutral loss ions of A-series and B-series 1, b-ions and g-ions 1 and aions 0.5.
Subcellular fractionation of cardiac ventricular tissue. We used male Wistar rats (weighing 280±320 g) or genetically obese (fa/fa) Zucker rats (weighing 480±520 g) that were given free access to food, in these experiments. Plasma membrane (PM) and microsomal membrane (MM) fractions from cardiac muscle of Wistar and Zucker rats were prepared as described previously [22, 30] . Briefly, ventricular tissue was removed and homogenized in a buffer containing 10 mmol/l TRIS/HCl, 0.1 mmol/l phenylmethylsulphonyl fluoride and 2.6 mmol/l DTT by using an Ultra-Turrax (Ika, Neu-Isenburg, Germany) for 60 s. Homogenization was continued by 10 strokes in a glass-Teflon homogenizer, followed by 3´3 strokes in a tightfitting Potter-Elvehjem homogenizer. After centrifugating at 3000´g for 10 min, the supernatant was centrifuged at 200 000´g for 90 min to pellet the crude membrane fraction and to obtain the cytosol in the supernatant. Further purification was achieved by applying this fraction to a discontinuous gradient consisting of 0.57, 0.72, 1.07 and 1.43 mol/l sucrose in the above buffer and centrifugated at 40 000´g for 16 h. Membranes were harvested from each sucrose layer and stored at ±70 C. Protein was measured by a modification of the BioRad protein assay with BSA as a standard. To fractionate crude membranes in a 10±35 % (w/v) continuous sucrose-density gradient, the crude membranes (10 mg of protein) were suspended in the above buffer, loaded on the gradient and centrifuged for 16 h in a SW-60 rotor at 40 000´g. Plasma membranes were removed by collecting the material floating on top of the gradient plus a volume of 400 ml of the upper layer of the gradient. Fractions of 200 ml were then collected from the top of the tube to the bottom and analysed. For insulinstimulation studies, rats received a tail-vein injection of regular insulin (4 units/ 100 g body weight) and hearts were removed 20 min later.
Immunoblotting. Proteins were separated by SDS-PAGE using Excel 8±18 % gels (Pharmacia, Freiburg, Germany) or 9 % and 12 % polyacrylamide gels, as described previously [31] and transferred to a PVDF membrane in a semi-dry blotting apparatus. The membrane was blocked with 5 % non-fat dry milk in PBS, pH 7.4 containing 0.05 % Tween 20 for 1 h at room temperature and incubated with different antibodies overnight at 4 C afterwards. After washing the membrane with PBS containing 0.05 % Tween 20, detection was carried out by incubating the membrane with a horseradish peroxidase-conjugated goat anti-rabbit or anti-mouse antiserum as a secondary antibody. After several washing steps, the membrane was developed by enhanced chemiluminescence using SuperSignal Sub-strate (Pierce, Rockford, Ill., USA), then visualized and evaluated on a LUMI Imager (Boehringer Mannheim, Mannheim, Germany). Significance of reported differences was evaluated by using the null hypothesis and t statistics for unpaired data. A p value less than 0.05 was considered to be statistically significant.
Immunoadsorption of GLUT4-containing vesicles. Protein Apurified monoclonal anti-GLUT4 antibody (1F8) or a corresponding amount of non-specific antibodies (g-globulins) was coupled to acrylamide beads (Reacti-gel GF 2000, Pierce) at a concentration of 1 mg of antibody/ml of resin according to the manufacturer's instructions. Microsomal membranes were incubated with beads overnight at 4 C as reported [32] . The beads were spun down and washed five times with PBS. The adsorbed material was eluted with Laemmli sample buffer and half of this eluted volume was subjected to SDS-PAGE.
Results
Purification and identification of a small GTP-binding protein from cardiac muscle. We have recently described a 24 000 M r -GTP-binding protein in rat cardiac muscle that co-localizes to GLUT4 [21] . In an attempt to purify this protein we used a crude membrane fraction from pig heart after confirming the presence of the GTPase of 24 000 M r in GLUT4-vesicles immunoadsorbed from this material. Solubilized proteins were first applied to a gel filtration column to separate G a subunits of heterotrimeric G proteins from small GTP-binding proteins. Fractions with GTP-binding activity of an estimated molecular mass of 20 000±30 000 M r were applied to a second column using hydrophobic interaction chromatography. Aliquots of the eluted material were subjected to ligand blotting with [a-32 P]GTP, where a specific labelling of small GTP-binding proteins with 24 000 M r and 26 000 M r could be detected (data not shown). Fractions containing both the species with 24 000 M r and 26 000 M r were pooled and applied to the final column. This hydroxyapatite column made it possible to separate 24 000 M r and 26 000 M r proteins. Fractions having GTP-binding at 24 000 M r were then pooled and concentrated.
The final step of our purification consisted in the application of the fraction with 24 000 M r to a high resolution two-dimensional gel electrophoresis with subsequent analysis by [a-32 P]GTP overlay (Fig. 1 B) . For direct comparison, GLUT4-containing vesicles immunoadsorbed from cardiac microsomes were analysed in parallel (Fig. 1A) . At least five major spots with an isoelectric point between 5.0 and 6.0 could be detected in the final column fractions. Part of these signals correlated well with the GTPbinding proteins detected in the GLUT4-containing vesicles (Fig. 1 A) . By comparing ligand blotted gel to the Coomassie-stained gel, three spots (see arrows in Fig. 1C ) were selected for a further analysis. Spots were subjected to an in-gel digestion followed by elution of the resulting peptides and finally analysed by electrospray ionization-mass spectrometry [27] . For interpretation of fragment ion spectra the genbank research with SEQUEST was used. It turned out that these three signals contained two major proteins detectable by this kind of analysis: (1) mitochondrial thioredoxin-dependent peroxide reductase precursor (SP-22 protein) and (2) Rab11. Subcellular distribution of Rab11. In the light of the identification of Rab11 in cardiac muscle, we first studied the cellular localization of Rab11 in this tissue and the potential redistribution in response to insulin under in vivo conditions. Subcellular fractions were prepared, resolved by SDS-PAGE and immunoblotted with a monoclonal anti-Rab11 antibody (Fig. 2) . We found Rab11 to be most abundant in the MM fraction and to a lower extent to be also present in the plasma membrane. Insulin induced a small but statistically significant decrease of Rab11 in the MM fraction by 17 5 % (n = 4) (Fig. 2) . This decrease in the MM fraction was paralleled by a two-fold increase in Rab11 abundance in the PM fraction after insulin stimulation (Fig. 2) , most likely reflecting the P]GTP in GLUT4-containing vesicles and fractions obtained from hydroxyapatite chromatography. A GLUT4-containing vesicles immunoadsorbed from cardiac microsomal membranes (500 mg) and B portions (8.5 ml) of the concentrated fractions of hydroxyapatite chromatography were subjected to isoelectric focussing followed by SDS-PAGE. After blotting the PVDF sheet was incubated with [a-32 P]GTP, washed and autoradiographed. C 85 ml of the concentrated column fractions was applied to two-dimensional PAGE and the proteins were visualized by staining the gel with Coomassie blue. Spots marked with an arrow were subjected to analysis by mass spectrometry much higher absolute abundance of Rab11 in the MM fraction. We also detected Rab11 in the cytosolic fraction with marginal alterations in response to insulin (data not shown).
Co-localization of GLUT4 and Rab11. It has already been shown that Rab11 localizes to different vesicle compartments. As previously reported, this small GTP-binding protein is present in sorting endosomes and recycling compartments [33, 34] as well as in the trans-Golgi network [35] and post-Golgi secretory vesicles [36] . To assess the possible relation of Rab11 to translocation of GLUT4, we fractionated crude membranes from basal and insulin-stimulated hearts in a continuous sucrose density gradient. The fractionation procedure resulted in the separation of two immunoreactive GLUT4 pools, which were both sensitive to insulin (Fig. 3) . Most of the intracellular pool of Rab11 overlapped with the high-density GLUT4 pool and with most of the transferrin receptor pool, a generally accepted marker of the endosomal recycling compartment (Fig. 3) . We found, however, Rab11 at least partly co-sedimented with the lowdensity non-endosomal GLUT4 pool and substantially increased in this fraction after insulin treatment with a parallel decrease in the endosomal fraction (Fig. 3) .
Direct evidence for the co-localisation of Rab11 and GLUT4 was then obtained by immunoadsorption of GLUT4-containing vesicles from cardiac microsomal membranes. We could clearly detect Rab11 in GLUT4-vesicles after immunoisolation (Fig. 4) . In vivo stimulation with insulin for 20 min reduced the abundance of GLUT4-containing vesicles in the intracellular pool by 44 % with a parallel increase of Rab11 in GLUT4-vesicles (38 6 %, p < 0.0014, n = 3) (Fig. 4) . Quantification of western blots (Fig. 4) indicated that the abundance of Rab11 relative to the amount of GLUT4 increased 2.2-fold in response to insulin. To further characterize our GLUT4-vesicle preparation and provide additional support for the reliability of the Rab11 results, we assessed the GLUT4-vesicles for the presence of Rab4 and Akt-2, two proteins previously described to colocalize to GLUT4 [9, 12, 15] . We found that GLUT4-vesicles containing Rab11 also contained Rab4, with a decrease after stimulation with insulin that mostly reflected the decrease in GLUT4 (Fig. 4) . These data also show the different quality of our cardiac GLUT4-vesicle preparation because we were unable to detect Rab4 using our previously published procedures [21] . In the basal state Akt-2 seems to be almost absent from GLUT4-containing vesicles but it greatly increased after stimulation with insulin, as described for rat adipocytes [9] . These data show that vesicles containing GLUT4 also contain at least two small GTPases with a different response to insulin.
Subcellular distribution of Rab11 in cardiac muscle of obese Zucker rats. Earlier work from our laboratory showed that cardiac insulin resistance in obese Zucker rats involves a defective recruitment of GLUT4 from the microsomal fraction [22] . We therefore investigated the redistribution of Rab11 in response to insulin using this animal model to gain further evidence for the relation between Rab11 and GLUT4 translocation. In contrast to Wistar rats (Fig. 2) , insulin was found to be completely unable to alter the subcellular localization of Rab11 in obese Zucker rats (Fig. 5) . Immunoadsorption experiments indicated the profound resistance of the intracellular GLUT4 pool towards insulin (Fig. 5 ) in agreement with our earlier studies [22] . We found Rab11 in the GLUT4-containing vesicles but it was not responsive to insulin (Fig. 5) .
Discussion
Members of the Rab family of small GTPases have been recognized as having a pivotal role for intracellular vesicular traffic with highly specialized func- tions of the different Rab proteins [13, 14] . Earlier studies supported the notion that small GTP-binding proteins are also involved in the trafficking of GLUT4 [21, 37] but only Rab4 has been identified as being associated with GLUT4-containing vesicles [15] and functionally related to GLUT4 translocation [18, 19] in both adipocytes and myocytes. We now report that in addition to Rab4, Rab11 co-localizes with GLUT4 in the basal state. Furthermore, insulin increases the abundance of Rab11 in the GLUT4-containing vesicles and redistributes this protein to the plasma membrane. We therefore conclude that Rab11 participates in GLUT4 trafficking and insulin-regulated GLUT4 translocation, at least in the heart. Cardiac muscle expresses a variety of small GTPbinding proteins with a molecular mass between 23 000 and 29 000 M r [38] . Of the Rab family three members, Rab3C, Rab4 and Rab5 [21, 39, 40] have been observed in the rat heart, whereas Rab1A, Rab2, Rab6 and Rab8 were expressed below the detection level [21, 39] . A low protein expression of Rab11 in cardiac muscle was observed when analysing homogenates of different tissues [41] . We now report the purification of a 24 000 M r GTP-binding protein fraction from pig heart and the identification of Rab11 as a major component of this fraction based on two-dimensional electrophoresis and mass spectrometry. Most recently, the presence of Rab11 was also observed in subcellular fractions obtained from 3T3-L1 adipocytes [42] . In these cells no effect of insulin on the distribution of both Rab4 and Rab11 became, however, detectable. Involvement of Rab11 in GLUT4 trafficking is suggested by the known function of this GTPase, which was shown to include the regulation of vesicular traffic through the recycling endosome [33, 34] and the transport from the transGolgi network to the plasma membrane [35, 36] . Using sucrose-density gradient centrifugation, we show here that in cardiac muscle the majority of Rab11 is present in the endosomal transferrin receptor recycling compartment, overlapping with the endosomal GLUT4 pool. The twofold increase of Rab11 at the cell surface agrees well with the translocation of two other companion proteins of GLUT4 in 3T3-L1 adipocytes, sortilin and the transferrin receptor [7] , whereas the translocation of GLUT4 in response to insulin is much more pronounced, both in adipocytes and cardiac muscle [22] . This could reflect the differential effects of insulin on the rate constants of exocytosis of the endosomal and the GLUT4-storage compartment [7] . Our data is consistent with insulin-regulated movement of Rab11 from the endosomal compartment to the plasma membrane because the intracellular pool of cardiac Rab11 substantially overlapped with the transferrin receptor recycling com-A B Fig. 3 A, B . Fractionation of rat heart crude membranes in a continuous sucrose-density gradient. A Crude membranes (10 mg of protein) obtained from basal and insulin-stimulated hearts were fractionated in a 10±35 % continuous sucrose gradient. Fractions (200 ml) were collected and aliquots (30 ml) were subjected to SDS-PAGE, followed by immunoblotting for the transferrin receptor (TfR), GLUT4 and Rab11. Representative blots out of four separate experiments are shown. B Quantification of western blots was done by using LUMI Imager software, where the amount of basal was assigned to 100 %. Signal intensities in fractions 3±10 and 12±19 were individually quantified and subsequently pooled. Data are mean values SEM of three separate experiments. * p < 0.05. & basal, & insulin partment and the externalization of the transferrin receptor is known to increase about twofold in response to insulin [7] . A second pool of Rab11 with a density clearly distinct from the endosomal compartment was also detected in cardiac muscle, supporting the notion that Rab11 participates in both endosomal and non-endosomal trafficking processes [33±36] . Most notably, insulin treatment was found to shift Rab11 from the endosomal to the non-endosomal compartment. Under these conditions Rab11 completely overlapped with the non-endosomal, most likely exocytotic GLUT4 pool. These data confirm that Rab11 is an insulin-sensitive small GTP-binding protein, having a potential functional role for GLUT4 trafficking.
A key finding of our investigation is the observation that Rab11 is associated with GLUT4-containing vesicles and that this association increases in response to insulin. Combining these data with the results of our fractionation, we can conclude that insulin recruits Rab11 from the endosomal compartment to the GLUT4-containing vesicles of the exocytotic storage pool. We therefore suggest that Rab11 is involved in (i) triggering the insulin-induced movement of GLUT4 from the storage pool, or (ii) mediating the docking/fusion of GLUT4 at the plasma membrane or (i) and (ii). As recently suggested [43] , the GLUT4 pathway could be related to or evolve from a ligand-independent, endosomal-recycling pathway. In this scenario Rab11 could additionally participate in the sorting of GLUT4 to a unique specialized, insulin-responsive compartment. Most recent data [42] support the notion that GLUT4 is targetted to a subpopulation of vesicles that seem to be a derivative of the endosome. The biogenesis of this compartment has been suggested to generate the pronounced insulin response of GLUT4 unique to muscle and adipose tissue [42] . It should be noted that the 24 000-M r , GTP-binding species of GLUT4-containing vesicles described in our earlier report [21] had a decrease concomitant with GLUT4. Thus, it seems most unlikely that Rab11 is identical to this GTP-binding protein. A completely different method for immunoadsorption of GLUT4-containing vesicles was, however, used in this earlier study [21] . Further, taking into account the different sensitivity of ligand blotting [21] and western blotting (present study), it cannot be excluded that Rab11 represents at least a part of the 24 000-M r GTP-binding signal described in the earlier work.
Vesicles that contain GLUT4 also contain Rab4 but for this GTPase a decrease concomitant with GLUT4 was observed after insulin treatment. We therefore suggest that at least two members of the Rab family, Rab4 and Rab11, participate in GLUT4 trafficking and that these proteins exert different functions. This notion would fit to a model in which Rab4 mediates the endocytosis of GLUT4 [18, 19, 20] , whereas Rab11 participates in the insulin-regulated exocytosis and sorting of the transporter from the endosomal/recycling compartment. Several lines of evidence support this assumption. Firstly, a documented function of Rab11 consists in controlling vesicle trafficking through the recycling endosome to the plasma membrane [33±36] and we show here the insulin-mediated redistribution of Rab11 to the plasma membrane. Secondly, the abundance of Rab11 in the GLUT4-containing vesicles increases in response to insulin making it likely that Rab11 participates in A B Fig. 4 A, B . Co-localization of Rab11, Rab4 and Akt-2 with GLUT4. A GLUT4-containing vesicles were immunoisolated from microsomal membranes of cardiac ventricular tissue of basal and insulin-stimulated rats by incubating the membranes with ( + ) antibody 1F8 coupled to acrylamide beads, or without (±) 1F8 but containing a corresponding amount of non-specific IgG-beads. Microsomal membranes (20 mg) obtained from basal heart were used as a control. Samples were electrophoresed and immunoblotted for the proteins indicated. Detection was done by ECL system and LUMI Image analyser. B Quantification of western blots was done by using LUMI Imager software, where the amount of basal was assigned to 100 %. B, basal; I, insulin treated animals. Data are mean values SEM of three separate experiments. * Significantly different from basal at p < 0.05; ** not significantly different at
the process of membrane docking and fusion. A Rab protein is required for the assembly of the SNARE complex in yeast [44] and Rab11 was found to co-localize with VAMP-2 and SCAMPS in tubulovesicles of gastric parietal cells [45] , two proteins also present in the GLUT4-containing vesicles [2] . We further show that in parallel to Rab11, Akt-2 is recruited to the vesicles containing GLUT4 in response to insulin confirming very recent studies on isolated adipocytes [9, 12] . Thus, we show here that insulin signalling to the vesicle containing GLUT4 is coupled to the specific recruitment of Rab11. Notably, Akt-2 was shown to phosphorylate component proteins of the GLUT4-containing vesicles including a protein with a molecular mass of 25 000 M r [12] . It can be speculated that this protein is Rab11, which then serves to couple the insulin signalling cascade to the membrane docking event of the GLUT4-containing vesicles. If this is the case, Rab11 must be considered as a central element of the GLUT4-trafficking machinery.
We also found Rab11 in GLUT4-containing vesicles obtained from obese Zucker rats. Insulin was, however, completely unable to alter the cellular localisation of Rab11 in these animals, most likely reflecting defective insulin signalling to Rab11. Multiple defects of the insulin signalling cascade have been described in earlier studies using obese rodent models of insulin resistance [46, 47] . For cardiac insulin resistance, our laboratory has recently reported the hyperphosphorylation of insulin receptor substrate-1 (IRS-1) on Ser/Thr coupled to a defective activation of PI 3-kinase [48] , making it likely that Rab11 represents a downstream target of insulin-activated PI 3-kinase. Consistently, earlier work has shown that insulin stimulates the guanine nucleotide exchange on Rab4 through a PI 3-kinase-dependent signalling pathway [49] .
We report that Rab11 is an insulin-sensitive companion protein of GLUT4. The data support a model in which Rab11 is recruited from the endosomal compartment to the exocytotic GLUT4 pool. We suggest that Rab11 must be considered as an element of the GLUT4-trafficking machinery. A B
